Abstract-An overview of time reversal techniques is presented in this paper. In the first section, we will focus on the ability of using reflecting targets embedded in the body as sources of time reversal waves. Real time tracking and destruction of moving kidney stones will be demonstrated in the case of lithotripsy application. We will show the strong potential of iterative time reversal techniques in multiple targets environments to select and focus in real time on each target of a medium. The ability of iterative time reversal to improve the detection of microcalcifications in a random scattering media (speckle noise) will be also presented. We will show that distorsions induced by sound velocity heterogeneities are compensated by the iterative time reversal technique guaranteeing the maximum pressure to be reached at the target position.
In the second section of this paper, we will discuss the time reversal focusing properties observed in dissipative media like skull. We will show that the time reversal focal spot can be strongly degraded as, in such medium, we can no more rely on the time reversal invariance of the wave equation. Important sidelobes appear around the main focus. However, combining time reversal with amplitude compensation techniques allows correction of absorption effects and decreasing of these sidelobes. Application of this coupled technique to high precision brain hyperthermia through the skull will be demonstrated.
Beyond these straigthtforward applications of time reversal to spatial focusing of waves through aberrating medium, we will show that time reversal techniques allow also to revisit the concept of piezoelectric transducer designing. Contrary to conventional transducer technology avoiding unwanted reverberations in piezoelectric elements, time reversal can take benefit of strongly reverberating media to increase the transducer efficiency. We will demonstrate that very high pressure fields (1000 Atm.) can be obtained with a few number of transducers connected to reverberating media such as solid waveguides. The dispersive property of waveguides is compensated by time reversal allowing very long coded excitations to be recompressed in very short high amplitude pulses. It leads to a new generation of ultra-compact shock wave lithotripters that used a very small transducer number and to time reversal kaleidoscopes that can replaced 2D array.
I -INTRODUCTION
Since nearly fifteen years [1] , time reversal techniques have been developed in many different fields of applications including detection of defects in solids, underwater acoustics, telecommunications, room acoustics but also ultrasound medical imaging and therapy. The essential property that makes time reversed acoustics possible is that the underlying physical process of wave propagation would be unchanged if time were reversed [2, 3] . In a non dissipative medium, the equations governing the waves guarantee that for every burst of sound that diverges from a source there exists in theory a set of waves that would precisely retrace the path of the sound back to the source. This remains true even if the propagation medium is inhomogeneous and presents variations of density and compressibility which reflect, scatter and refract the sound. If the source is pointlike, this allows focusing back on the source whatever the medium complexity. For this reason, time reversal represents a very powerful adaptive focusing technique for complex media. The generation of this reconverging wave can be achieved by using the so called Time Reversal Mirrors (T.R.M). It is made of arrays of reversible piezoelectric transducers that can record thewavefield coming from the sources and send back its time-reversed version in the medium. It relies on the use of fully programmable multi-channels electronics. Each transducer has its own electronics : amplifier, analog-digital converter, digital memories and a programmable generator capable of synthesizing the temporal inverted signal stored in the memory.
II. THE TIME-REVERSAL MIRROR IN PULSE ECHO MODE.
One of the most promising area for the application of TRMs is pulse-echo detection. In this domain, one is interested in detection, imaging and sometimes destruction of passive reflecting targets. A set of transducers first sends a short impulse and then detects the various echoes from the targets. One looks for calcifications, kidney or gallbladder stones, tumors. As the acoustic detection quality depends on the availability of the sharpest possible ultrasonic beams to scan the medium of interest, the presence of an aberrating medium between the targets and the transducers can drastically change both the beam profiles and the detection capability. In medical imaging, a fat layer of varying thickness, bone tissues, or some muscular tissues may greatly degrade focusing. For such applications, a TRM array can be controlled according to a three-steps sequence. One part of the array generates a brief pulse to illuminate the region of interest through any aberrating medium. If the region contains a point reflector, the reflected wavefront is selected by means of a temporal window and then the acquired information is time-reversed and reemitted. The reemitted wavefront refocuses on the target through the medium. It compensates also for unknown deformation of the mirror array. Although this self-focusing technique is highly effective, it requires the presence of a reflecting target in the medium [4] .
I.1 Selective focusing through an inhomogeneous medium with the iterative time-reversal process.
In media containing several targets, the problem is more complicated and iterations of the TR operation may be used to select one target. Indeed, if the medium contains two targets of different reflectivities, the time-reversal of the echoes reflected from these targets generates two wavefronts focused on each target. The mirror produces the real acoustic images of the two reflectors on themselves. The highest amplitude wavefront illuminates the most reflective target, while the weakest wavefront illuminates the second target. In this case, the time-reversal process can be iterated. After the first time-reversed illumination, the weakest target is illuminated more weakly and reflects a fainter wavefront than the one coming from the strongest target. After some iterations, the process converges and produces a wavefront focused on the most reflective target. It converges if the target separation is sufficient to avoid the illumination of one target by the real acoustic image of the other one [4] . Experiments have been performed with a linear array of 128 elements working at central frequency 3.5 MHz. They demonstrate the ability of TRM iterative mode to select the most reflective target in a multiple target medium. For example, An aberrating layer was placed between the array and a medium made of two different wires (0.2 mm and 0.4 mm diameter copper wires) situated at a depth z = 90 mm from the array In the first step, one transducer of the array illuminates an angular sector containing the two wires. After the first illumination, the echoes from the two targets are recorded. Fig. 1a shows the recorded data corresponding to the two individual wave fronts pointing at the two wires. The recorded signals are then time-reversed and retransmitted. The time-reversed waves propagated and the new directivity pattern is measured by scanning the wire plane with the hydrophone. The solid line of Fig.2 represents the directivity pattern which shows two maxima corresponding to the two target locations. The pressure field reaches a higher value at the location of the wire whose scattering cross section is larger. The process is iterated : the new echoes from the wires were recorded, time-reversed and retransmitted, etc. As the process is iterated, the wire which reflects less energy receives a weaker time-reversed wave. This is shown on Fig. 2 which corresponds to the directivity pattern of the first to the fourth iteration. The small wire is no more illuminated after the last emission. Fig. 1b represents the reflected wavefronts recorded by the array after the fourth iteration (note that the wavefront has a longer duration because of the multiple iterations, that imply a repeated effect of the acousto-electric transducer response). Such experiments demonstrate the ability of TRM iterative mode to select the most reflective target in a multiple target medium. This may be interpreted as a learning process that selects among several wave fronts the one coming from the most important reflector.
I.2 Application to lithotripsy
The method of choice to treat kidney and gall stones involves the use of large amplitude acoustic shock waves that are generated extracorporeally and focused onto a stone within the body. The main problem to overcome in the field of lithotripsy is related to stone motion due to breathing. Indeed, the lateral dimension of the shock wave in current lithotripsy devices is less than 5 mm and the amplitude of the stone displacement can reach up to 20 mm from the initial position. Hence, In classical focusing technique shock waves often miss the stone and submit neighboring tissues to unnecessary shocks that may cause local bleeding. Different approaches have been investigated to overcome these limitations. Most of them are based on a trigger of the high power pulses when the stone goes through the focus of the shock wave generator. These approaches may reduce the number of shots needed to disintegrate the stone but increase considerably the time of treatment. The use of 2D arrays of piezoelectric transducers has opened the possibility of electronic steering and focusing the beam in biological tissues and a time-reversal piezoelectric generator has been developed [5] to electronically move the focus and track the stone during a lithotripsy treatment. The goal is to locate and focus on a given reflecting target among others, as for example, a stone in its surrounding : others stones and organ walls. Moreover, the stone is not a point like reflector but has dimensions up to ten times the wavelength. In the basic procedure that has been developed, the region of interest is first insonified by the transducer array. The reflected field is sensed on the whole array, timereversed and retransmitted. As the process is iterated, the ultrasonic beam selects the target with the highest reflectivity. If the target is spatially extended, the process converges on one spot, whose dimensions depend only on geometry of the time-reversal mirror and the wavelength. High amplification during the last iteration can be used to produce a shock wave for stone destruction Time-reversal experiments are performed with bidimensional transducer arrays working at a central frequency of 360 kHz, especially designed for lithotripsy. They are made of 121 prefocused piezo-composite transducer elements arranged on a spherical cup of 190 mm radius of curvature. To illustrate the efficiency of the time- reversal approach, one experiment performed with a 7 mm stone located in a pig kidney s shown. The time-reversal process is iterated and the corresponding wavefronts recorded on 121 transducers are presented on fig. 4 for iteration 0 and iteration 3. The directivity patterns of the time reversed fields are represented on one elevation plane at the depth were is located the stone ( fig. 5 ). The time reversal of iteration 0 confirms that the wave sensed on the array comes from several points, some of them corresponding to tissues interfaces and one of them to the kidney stone. At iteration 3, the time reversed wave has selected only on the kidney stone A prototype especially designed for TRM experiments in the field of lithotripsy has been developed. Several in-vitro and in vivo experiments with kidney or gall bladder stones have shown the efficiency of the method. However, this system is quite expensive and we will show in paragraph 3 that new approaches minimizing the transducer number have recently been developed. 
I.3 Multiple target detection
Iterative time reversal technique is well adapted to focus on the target of higher reflectivity. However, In many cases it is also interesting to learn how to focus on the other reflectors. In order to achieve selective detection and focusing on each reflector inside an unknown multitarget medium, a matrix formalism approach, that extended time reversal analysis, was developped by Prada et al [6, 7, 8] . This method is derived from the theoretical analysis of iterative TRM and consists in the construction of the invariant of the time reversal process. This analysis consists in determining the possible transmitted waveforms that are invariant under the time reversal process. For these waveforms an iteration of the time reversal operation gives stationary results. Such waveforms can be determined through the calculation of the eigenvectors of the so called time reversal operator. Indeed, the echoes of a single target are an eigenvector of the time reversal operator K*K, where K=K(ω ) represents the inter-element response matrix. Using this basic idea that each target is associated to an eigenvector of the time reversal operator, it is possible to record the whole time reversal operator and compute its eigenvectors decomposition. Thanks to this numerical eigenvectors decomposition, a selective focusing on each target can be achieved. Using this technique, known as the DORT method, Chambers et al. recently shown that the spectrum of the time reversal operator can be complex and very informative [9] . Nevertheless, the D.O.R.T method suffers several limitations as it requires the measurement of the NxN interelement impulse responses and the computation of the eigenvectors decomposition is time consuming and do not yet allow real time imaging. Various applications of this technique are under development in the field of underwater detection and for microcalcifications detection in the breast.
A new real time technique has been recently proposed by G.Montaldo et al [10] for multitarget selective focusing that does not require the experimental acquisition of the time reversal operator. Actually, this technique achieves the operator decomposition simply by using a particular sequence of iterative waves illuminations instead of computational power. The general idea of this new approach is first to use the time reversal iterative process in order to estimate the signals focusing on the brightest target. These signals are then used to derive a cancellation filter allowing to cancel this target echoes during the selection of the next brightest spot by iterative time reversal. This process can be extended to following multiple targets detection using the cancellation filter that cleans up the targets already detected. The drawback of temporal spreading induced during the iterative time reversal selection is also overcome by introducing a "pulse compression operator". This filter uses the narrowband signals deduced from the iteration to reconstruct a set of wideband pulsed signals focusing on the selected target. This set of pulsed signals focusing on a given target corresponds to a spatio-temporal eigenvector of the time reversal operator and so is called "eigenpulse". Using such eigenpulses allows to achieve a lot of iterations without expanding the signal duration.In order to explain the iterative decomposition method, a simple homogeneous medium containing only 3 diffusers is considered ( fig. 6) . The experiments are conducted in the ultrasonic range in a water tank. The acoustic waves are emitted and received with a standard linear array made of 120 elements working at a 1.5 MHz central frequency. The process learns to identify each target step by step beginning from the most reflective one to the weakest one. The selective identification of a new target is made in three steps. A plane wave is first emitted in this medium. The backscattered signals are composed of three wavefronts of different amplitudes corresponding to each target .If these signals are time reversed and reemitted through the medium, the resulting wavefronts focus on each target and the brightest target is more illuminated than the others. Consequently, its contribution in the backscattered echoes is more important. After a few iterations this time-reversal process permits to select the most reflecting scatterer. However, at each iteration the signals are filtered by the limited bandwidth of the transducers and it results in a progressive temporal spreading of the emission signals. The second step of the process allows to overcome this problem. The bandwidth narrowing suffered during the time reversal process is a real drawback in most applications. An easy solution consists to reconstruct a wideband wavefront at each iteration by detecting the arrival time and amplitude law of the signals received on each transducer. These arrival time and amplitude law is then used to reemit a wideband pulsed signal identical on each transducer with the corresponding amplitudes and time delays on each transducers. It allows to avoid the bandwidth spreading of the signals during the iterative process. The arrival time and amplitude can be measured by using a simple maximum detection technique for each transducer. Such a "pulsed" wavefront construction before each time reversal emission allows to correct the temporal spreading of the signals during the iterative process. Thus, a few iterations of the time reversal process combined with the pulse compression allow to obtain a correct pulsed wave front or "eigenpulse" signal. Note that the duration of these combined steps is only limited by the waves travel time and the maximum detection hardware. As an example, for medical applications, the detection of a brightest target located at 50 mm depth in tissues achieved in 8 iterations of these combined steps could last less than a millisecond . The basic idea for selecting a new scatterer is to filter the signals coming from the detected ones. This filter is built by subtracting the projection of the wave front from the signal each time and the process is iterated.
The complete process does not require any fastidious calculation. The combination of a simple maximum detection with the iterative time reversal process was found sufficient in order to select multiple targets. The cancellation filter corresponds also to a simple signal substraction. The main advantage is the simplicity of the procedures that can be implemented in hardware for real time selective focusing. As an example in medical imaging, the detection of 3 reflectors located at 50 mm depth in tissues could last less than 10 milliseconds!. This technique is also robust in speckle noise as it can be seen, for example, on a biological phantom containing 9 wires embeded in a random distribution of unresolved scatterers. Figure 13 .a shows the beamformed pulse-echo image of the phantom when it is illuminated with a plane wave. We can see the echoes of some target superimposed to the speckle noise. The iterative method is able to identify easily the 9 echoes as it is shown in fig. 7 . Compared to a conventional B scan image (fig 7a) , our technique is able to perfectly recognize the 9 targets. Using the time delays, (fig 7b) the position of each target can be estimated and, in fig. 7a the positions of the targets are superimposed to the basic image. An interesting application of this technique is the identification of micro calcifications in the breast or other organs.
II. TIME REVERSAL IN DISSIPATIVE MEDIA :
APPLICATION TO BRAIN THERAPY Another major promise of self-focusing TRM arrays is ultrasonic medical hyperthermia. In this technique, high intensity ultrasound produces thermal effects. A part of the ultrasound energy is absorbed by the tissue and converted to heat, resulting in an increase in local temperature. In our group, we are working on TRM application for brain hyperthermia. The challenge of this application is to focus high-power ultrasound beams through the skull bone for local destruction of malignant brain tumors. Hynynen and his group have developed phased array techniques, without amplitude correction, to focus through the skull [11, 12] However, the skull induces ont only severe refraction and scattering of the ultrasonic beam [13] , but also, the porosity of the skull bone produces a strong dissipation that breaks the TR symmetry of the wave equation. It has been shown [14, 15] that TR focusing is no longer appropriate to compensate for the skull properties and a new focusing technique have been developed in our group that combines a correction of the dissipative effects with classical TR focusing. In a first step, this technique allows to focus on an artificial source implanted inside the treatment volume during the NMR guided biopsy. In a second step, the ultrasonic beam is steered on points surrounding this beacon in order to investigate and burn the whole volume of the tumor.
Experiments were first conducted with a 1D prefocused cylindrical array of transducers made of 128 piezoelectric elements working at a central frequency of 1.5 MHz (λ = 1 mm). A dried human skull has been cut in the midsagittal plane and stored in a water tank and is located between the source and the array of transducers, its outer side is about 40 mm away from the skull. Fig. 8 shows the directivity patterns of the focused beams in three different cases. First a reference pattern is obtained through water with cylindrical focusing (solid line). Introducing the skull induces a severe defocusing of the cylindrical beam (dashed line) : the beam is widely spread. However, the result obtained with TR focusing is also poor (dotted line). This figure shows that TR focusing is slightly better but remains far from the optimum. In order to understand this behavior, the wavefront, coming from the source can be analysed and one observe not only a phase distortion of the wavefront, but also a strong amplitude modulation is also visible. This amplitude modulation is mainly due to absorption losses that occur in the skull and cannot be compensated by the timereversal operation. Indeed, the transducer elements located in front of a strong absorbing region receive and transmit after the time-reversal operation a signal of small amplitude. Thus, when the wavefront goes back through the aberrating layer, the amplitude modulation is even squared. From a mathematical point of view, the time-reversal focusing method is related to the invariance of the wave equation under the change of t to -t. However, acoustic losses are taken into account in the wave equation by a firsttime derivative and are no more time-reversal invariant In order to improve the TRM focusing, a first pretreatment that takes into account the amplitude modulation due to absorption can be added. If we assume that the skull can be modeled as a thin random absorbing phase screen located close to the array, the amplitude modulation is only due to absorption losses. The amplitude modulation is estimated by comparison with a reference waveform obtained in the same condition in a homogeneous medium. This estimation is used to invert the amplitude modulation of the wavefront. Then, the compensated wavefront is time-reversed and transmitted. The corresponding directivity pattern is plotted on Fig. 9 (dotted line). The amplitude compensation improves focusing, and the beamwidth is perfectly corrected up to -14 dB below the peak. However, in real experiments, this compensation is not optimal. Indeed, due to mechanical and thermal problems, the array is located in the water tank at 40 mm from the skull. The wavefront, coming from the source, after passing through the skull, has to propagate towards the array on 40 mm water depth. During this step, new phase and amplitude modulations are added. They are automatically compensated by the backpropagation of the time-reversed wavefield and so, must no be taken into account a second time in the pretreatment. To improve the focusing process, the amplitude compensation must be applied only to the amplitude distortion due to acoustic losses in the skull. For this purpose, amplitude distortion developed during propagation from the skull to the receiving aperture can be reduced by a numerical time-reversal operation. This numerical backpropagation of the received wavefront toward the aberrating layer is similar to the one presented by Fink and Dorme [16] , and uses the Green's function of the homogeneous medium. Thus, the original diverging wavefront recorded by the array is first backpropagated numerically from a 100 mm to a 60 mm radius of curvature cylindrical surface, respectively corresponding to the array aperture and the skull surface. Amplitude distortion is then estimated along the skull surface. An amplitude compensated waveform is then computed on this surface and numerically backpropagated from the skull to the array. Thus, a new set of 128 signals matched to the initial source location are computed. These signals are time-reversed and experimentally transmitted in the medium. Fig. 9 shows a comparison of the focusing results obtained with amplitude compensation in the aperture (dotted line) and amplitude compensation after backpropagation (dashed line). The main improvement is on the side lobe level -12 dB below the main peak level.
In conclusion, we have shown that absorption can cause dramatic beam degradation. This experiment emphasizes the difference between time-reversal invariance and matched filter. Indeed, the spatial reciprocity theorem holds even in the case of an absorbing medium. Therefore according to the matched filter theory, each individual transducer contribution reaches its maximum at the same time T at the source location, allowing a constructive interference. But this theorem does no predict anything about the pressure obtained at other locations and times. An amplitude compensation combined with the time-reversal method is required to improve focusing All the preceeding results were obtained with 1D array. Recently we have extended this technique to 2D array in order to obtained 3D focusing [17] . We have built a fully programmable random sparse 2D array for non invasive transskull brain therapy. The central frequency of the transducers has been set to 1MHz. In order to correct the phase and amplitude distortion induced by the skull, the active element size has to be smaller than the correlation length of the skull (approximately 1 cm at 1MHz). Moreover, the element size has to be small enough to permit beam steering in a sufficiently large volume. The array is made of 200 high power transducers (Imasonic, Besançon, France) with a 0.5 cm 2 active area, enabling us to obtain 300 bars at focus. The time reversal process combined with amplitude compensation was performed at the geometric center of the array in order to correct for phase and amplitude aberrations induced by the bone on the ultrasonic beam. The resulting intensity field was scanned in the focal plane. It is shown in Fig. 10 and compared with the field obtained without any aberration corrections. The uncorrected beam is strongly degraded by the skull. The focal spot is not at the desired location and is widely spread in comparison with the corrected one. Moreover, an important point is that the pressure amplitude at focus of the corrected beam (70 Bars) is 2.25 times higher than the pressure amplitude of the uncorrected one. Consequently, it results in a 5 times higher heat deposit. First in vivo results obtained with this prototype on 22 sheep are described in a joint paper in this issue of UFFC proceedings.
IV -TIME REVERSAL IN WAVEGUIDES AND CAVITIES : THE TIME REVERSAL KALEIDOSCOPE
Here we show that time reversal techniques allow not only to adaptively focused a wave through aberrating media but also to revisit the concept of piezoelectric transducer design. Time reversal focusing can also be developed in reverberating media such as cavities or waveguides. Contrary to conventional transducer technology avoiding unwanted reverberations in piezoelectric elements, time reversal can take benefit of strongly reverberating media to increase the transducer efficiency. We will demonstrate that very high pressure fields can be obtained with a small number of transducers connected to reverberating media such as solid waveguides. It leads to a new generation of ultra-compact shock wave lithotripters.
IV.1 -A compact shock wave generator
We have seen in II.2 that the use of piezoelectric transducer arrays has opened up the possibility of electronic steering and focusing of acoustic beams to track kidney stones. However, owing to the limited pressure delivered by each transducer (typically 10 bar), the number of transducers needed to reach an amplitude at the focus on the order of 1000 bars is typically of some hundreds of elements, that makes a very expensive device. The idea is to take advantage of the temporal dispersion in the waveguide to create, after time reversal, a temporally recompressed pulse with a stronger amplitude. Time reversal focusing has been previously studied in waveguides in the field of ultrasound [18] and in ocean acoustics [19] . A simple experiment conducted by P. Roux et al in an ultrasonic wave guide shows the effectiveness of the TR processing not only to focus but alsoto compensate for the temporal dispersion of a waveguide. A point-like source is located in a water channel bounded by two plane and parallel interfaces (a water/air interface and a stell/water interface). A 96 elements TR array is located, in the waveguide, at 800 mm from the source. Fig. 11a and 11b shows the transmitted field recorded by the array after the propagation through the channel. After a first wavefront corresponding to the direct path, a set of signals corresponding to the multiple reflexions of the incident wave on the interfaces is observed. Fig. 11c shows the wavefield measured at the source location after timereversal of the first 100 µs of the received signal (ten first arrivals). The time reversal operation compensates multipath effects and an impressive time recompression is observed. The TR beam is focused on a spot which is much thinner than the one observed in free water. This can be interpreted by the theory of images in a medium bounded by two mirrors. For an observer, located at the source point, the 40 mm high TRM seems to be escorted by an infinite set of virtual images related to multipath propagation. Thus, taking into account the 10 first arrivals, the effective aperture of the TRM is nearly 10 times larger than the real aperture. This very interesting property of time reversal in waveguides can be used to increase the effective size of the array. Another advantage of time reversal in multiple scattering or reverberating media is the extreme robustness of TRM.
Compared to classical time reversal mirrors that usualy work with 8 bits A/D resolution, we have shown that 1 bit time reversal operations provide the same temporal and spatial focusing results [20] . In Fig. 12 , a schematic of the complete experimental setup puts in evidence the characteristics of the system [21] . Time reversal is performed between a point source (in S) in water and seven 8-mm-diameter piezoelectric transducers attached to a section of a 3.2-cm-diam (in A), 50-cm-long duraluminium cylinder. The central frequency is 1 MHz with a 75% band-width, which corresponds to a 5-mm central wavelength for compressional wave in duraluminium. The bottom end of the metallic cylinder is immersed in water at a distance d from the source (d between 0 and 10 cm). Figure 12 b represents the signal received on one transducer in A after transmission of a pulse from the source in S. As expected, the signal spreads in time because of many reverberations on the interfaces of the solid wave-guide. The signal lasts more than 2000 µs, i.e., around 1000 times the length of the initial pulse. In a duraluminium sample, 2 ms corresponds approximately for a longitudinal wave to a 10-m distance, to be compared to the 50-cm length of our cylinder. This means that many round trips inside the cylinder are present in the dispersed signal. In Fig. 12c we show a 100-µs window of the 1-bit time-reversed version of the incident signal. Figure 12d corresponds to the signal obtained at the source in water after back propagation through the solid guide with 1-bit time reversal. We observe a remarkable time compression on the initial source in S. This confirms that the instantaneous amplitude information which has been ignored with 1-bit time reversal is not necessary to successfully perform a time reversal experiment in a solid waveguide. A comparison between the performances of this time reversal prototype and a reference transducer of diameter 32 mm has been made and the final pressure amplitude that is achieved experimentally is 15 times larger. As an example, we used an applied tension of +/-170 V applied on each of the seven transducers in order to produce shock waves on a piece of chalk. With this prototype, the estimated pressure at the focus is 500 bars [21] . We are now testing a new generation of lithotripter that consist of a larger 10-cm diameter cylinder with 32 transducers. It would reach more than 2000 bars at the focus. In view of application to lithotripsy, such a device would combine several advantages. Firstly, the cylinder diameter would be small compared to classical 30-cm diameter lithotripters. Secondly, the transducers would be excited at a low voltage and would not be directly submitted to the high-power shock waves and therefore the lifetime of the system would be increased. Finally, its price, in relation to the number of independent one-bit electronics, will be greatly reduced compared to a classical lithotripter made of more than 100 transducers.
IV.2 The Time Reversal Kaleidoscope
We have seen that, thanks to the multiple reverberations, on the waveguide boundaries, waves emitted by each transducer are multiply reflected, creating at each reflection 'virtual' transducers that can be observed from the desired focal point. Thus, we create a large virtual array from a limited number of transducers. The result of such an operation is that a small number of transducers is multiplied to create a "kaleidoscopic" transducer array. However, symmetries implied in waveguides create periodic kaleidoscopic arrays resulting in grating lobes that limit the interest of this technique to shock wave generation for lithotripsy. To extend this concept to pulse-echo imaging, sidelobes have to be strongly reduced. The solution we propose is to break waveguides symmetries by introducing reverberating media with chaotic geometries such as chaotic billiards. Preliminary works on time reversal in 2D closed cavities was done by Draeger et al using chaotic billiards [22] . Here, we show the extension of this work to 3D leaky cavities and we select the so called Sinai billiard geometry to achieve 3D focusing. Figure 14 . The main part of the kaleidoscope consists in a chaotic cavity made of aluminum with 32 piezoelectric transducers glued on one face. The transducers are 8 by 5 mm rectangular piezoelectric ceramics and work at a central frequency of 1.5 MHz. Each transducer is connected to an independent digital-to-analog and analog-to-digital channel. One face of the kaleidoscope is in contact with a fluid medium in order to perform the calibration. Once the system was calibrated, this same face is then put in contact with the tissue medium to image. Figure 15 . a) Spatio-temporal focusing using time-reversal. The hydrophone moves along a line parallel to the surface of the kaleidoscope as it is shown. b) Spatio-temporal focusing of the signal harmonic c) bidimensional spatial focusing using classical time reversal, the figure displays the maximum amplitude at each location in a plane parallel to the surface of the kaleidoscope. d) Bidimensional spatial focusing of the harmonic signal with time reversal. The harmonic signal clearly gives a better focusing quality with a nearly -60 dB sidelobes level.
A pioneer prototype made of a solid chaotic aluminum cavity was built (a 3D Sinai billiard of 50×50×50 mm 3 ) with 32 transmit elements glued on one surface. The transmitters are 8 by 5 mm rectangular piezoelectric ceramics with a 1.5 MHz central frequency [23] . One of the surfaces is in contact with the medium to image (see Fig. 14) . In order to focus a pulse in any point of a fluid mimicking the medium, a time reversal process is implemented. In a first step, an ultrasonic source located at the desired focusing location emits a short pulse (typically, 1 µs duration). After propagation in the fluid, the resulting wavefront enters the cavity. Due to the strong reverberations inside the cavity, waves are reflected hundred of times and the impulse responses received by each transducer of the cavity are strongly spread in time (typically, up to 500 µs). In a second step, the signals are time reversed and reemitted by the individual elements. Waves refocus at the initial source location both in space and time as if time was playing backwards. For each focal point in the fluid, a data set of 32 impulse responses can be acquired and stored in memories. Fig. 15 shows the spatia-temporal focusing both on the fundamental frequencies and on the second harmonic. The side lobe levels of -40 dB are curently observed for the fundamental frequencies and of -60 dB on the harmonic generated beam. Steering of these focal points allows 3D imaging.
CONCLUSION
Time-reversal shows startling applications in the field of acoustics. Because acoustic time-reversal technology is now easily accessible to modern electronic technology, it is expected that applications in various areas will rapidly expand.
